The phenomenon that some nematodes are resistant to desiccation was discovered a long time ago [1] . As early as 1975 it was proposed that trehalose, a nonreducing disaccharide common in nematodes, could be important for desiccation tolerance [3] . This assumption was primarily based on the correlation between trehalose amounts in worms and the ability to survive dehydration [4] [5] [6] . However, a direct proof of the necessity of trehalose was still missing, because genetic manipulations were not feasible for the nonmodel organisms used in these studies. Most insight into the cellular role of trehalose was gleaned from in vitro studies where it was envisaged as a substitute of water or a vitrifying agent [7, 8] .
We decided to use C. elegans for investigating molecular mechanisms of anhydrobiosis. This nematode species is a well-established model organism extensively used in genetics, biochemistry, and developmental biology. However, it has rarely been exploited in anhydrobiosis research and never been challenged at harsh desiccation conditions [9] .
The C. elegans Dauer Can Survive Severe Desiccation In its life cycle C. elegans goes through four larval stages before becoming an adult. Upon unfavorable environmental conditions, it enters an alternate larval stage known as the dauer. The dauer larva is nonfeeding and has an altered energy metabolism and increased resistance to various stresses [10] . We tested the desiccation tolerance of embryos, reproductive larvae (L1 to L4), adults, and dauer larvae by exposing them to very mild desiccation (98% relative humidity [RH] ).
Note that despite such a high RH, worms are exposed to an osmotic pressure of 27 atm (see Supplemental Experimental Procedures available online). Because only the dauer larva could survive this treatment, further investigation of anhydrobiosis was conducted with dauers. For practical purposes we used conditional dauer-constitutive mutants daf-2(e1370) and daf-7(e1372) which can be propagated at 15 C but form 100% of dauer larvae at 25 C [11] . Can C. elegans dauers survive harsher desiccation? We developed a controlled desiccation assay by which the survival rate of dauers under definite RH conditions could be quantified. Dauer larvae were produced in a liquid culture and then transferred to chambers with a defined RH. After equilibration for 1 day, larvae were rehydrated and the degree of survival was scored. After the addition of water, living larvae acquired an S shape after about 10 min ( Figure 1A ) and started moving after 20 min (Movie S1), whereas dead larvae took a rigid form ( Figure 1B) .
When placed directly from liquid culture into desiccation chambers, daf-2 larvae could barely survive below 90% RH ( Figure 1D , dashed blue line). We hypothesized that similar to some anhydrobiotic nematodes, desiccation tolerance of C. elegans could be increased by preconditioning [12] . Thus, dauer larvae were first kept at 98% RH for 4 days (preconditioned), then transferred to harsher conditions. Remarkably, preconditioning led to coiling of worms ( Figure 1C ), a phenomenon described in various anhydrobiotic nematodes as a likely strategy to reduce evaporative water loss [5] . As seen in Figure 1D (solid blue line), preconditioning increased the desiccation tolerance of daf-2 enormously, reaching about 95% survival at 23% RH and even displaying 10% survival at 0% RH. Survivors of such stringent conditions did not display any physiological abnormalities after exiting from the dauer state. Thus, the C. elegans dauer is a true anhydrobiote. Resistance to desiccation is not unique for daf-2; wild-type and daf-7 dauers also showed similar ability ( Figure 1E ), although the highest desiccation tolerance was always observed in daf-2.
Trehalose Is Essential for Desiccation Tolerance in C. elegans It was shown in nonmodel anhydrobiotic nematodes that preconditioning increased trehalose levels up to several fold [3, 5, 13] . We asked whether C. elegans dauers would respond to desiccation stress the same way. As seen in Figure 1F , *Correspondence: kurzchalia@mpi-cbg.de trehalose levels increased almost 5-fold during preconditioning. Thus, worms are able to detect the humidity change and to react to it by synthesizing trehalose.
The best tool to investigate the role of trehalose would be a strain that could not synthesize it. Recently, we produced a mutant strain lacking two isoforms of the enzyme catalyzing the first step of trehalose biosynthesis (trehalose 6-phosphate synthase [13] ) and showed that this strain (called DDtps) is trehalose deficient ( Figure S1A ) [14] . As seen, preconditioning increases the survival of daf-2; DDtps only slightly, with almost no effect below 60% RH ( Figures 1D and 1E ). These data clearly indicate that trehalose is an essential component in desiccation tolerance of C. elegans. Although our results imply that the major outcome of preconditioning may be the biosynthesis of trehalose, the slight increase in desiccation tolerance of preconditioned trehalose-deficient dauers suggests that there may be additional factors. These may be certain osmoprotectants [4] as well as proteins. For example, late embryogenesis abundant (LEA) proteins and anhydrin are proteins induced by dehydration and possibly play diverse roles in anhydrobiosis [15] [16] [17] . It is also noteworthy to say that not all anhydrobiotes require trehalose. It was reported that trehalose-deficient yeast mutants could tolerate desiccation almost as well as the wild-type, and rotifers that do not produce trehalose at all can survive after desiccation [18, 19] .
Trehalose Has No Effect against Evaporative Water Loss
Could trehalose, as a hygroscopic molecule, be reducing evaporative water loss? We addressed this question by comparing the extents of water loss in daf-2 and daf-2;DDtps dauers under varying RH. Figure 1G shows that daf-2 and daf-2;DDtps lose almost identical amounts of water during desiccation. Remarkably, already 85% of body water was lost when larvae were transferred from liquid medium to 98% RH. Further desiccation reduced body water by smaller and smaller amounts. Overall, these data indicate that the effect of trehalose is not an ability to retain water. Surprisingly, there is no correlation between water loss and survival. For instance, only 1% additional body water was lost between 30% and 0% RH, yet survival rate decreased by 10-fold ( Figure 1D ). Can this minimal difference in the amount of water be the cause for the dramatic decrease in survival or is the rate of water loss more important? To answer these questions, larvae were subjected to stepwise desiccation and rehydration (Supplemental Experimental Procedures). Neither treatment increased survival rate significantly (Figure S1B) . We therefore conclude that even larvae that can synthesize high amounts of trehalose cannot safely lose more than 98% of their water content.
Trehalose Preserves Membrane Organization during Desiccation
The role of trehalose in preservation of lipid phases was previously investigated in binary lipids and cell membranes, exclusively in vitro [20] [21] [22] [23] . Phase changes in drying liposomes, bacteria, yeast, and Polypedilum vanderplanki (Arthropoda, Chironomidae) larvae have been reported; however, they were never shown in the context of a living nematode [24, 25] . We approached this problem by investigating how the absence of trehalose is manifested in the morphology of desiccated larvae.
First, larvae were imaged before rehydration by light microscopy (Figures 2A-2H ; Figure S2 ). Although desiccation dramatically changed the body structure, such that the body overall shrunk and became more transparent, daf-2 and daf-2;DDtps dauers were indistinguishable from each other when desiccated at the same RH. When rehydrated just after preconditioning, neither daf-2 nor daf-2;DDtps larvae showed a difference in their morphology ( Figure S2 ) and both larvae survived. However, upon desiccation at 60% RH and rehydration, large droplets emerged in the bodies of daf-2;DDtps dauers that did not survive this treatment ( Figure 2J, arrows) . daf-2 dauers, as expected, survived and looked similar to only-preconditioned ones ( Figure 2I ). Large droplets were also observed in both strains, when they were desiccated at 0% RH ( Figure S2 ). Remarkably, survivors at 0% RH did not exhibit damage (data not shown).
We assessed the chemical nature of droplets by staining with different dyes, among which only Nile red was efficient. This dye exhibits strong fluorescence in hydrophobic environments and is widely used to stain neutral lipids [26] . After rehydration in the presence of Nile red, we observed perfect localization of the fluorescence signal to the droplets in daf-2;DDtps dauers ( Figure 2L, arrows) . This result suggests that the droplets contain high amounts of triacylglycerides. Thus, rehydration in the absence of trehalose, which might influence the structure of membranes, leads to uncontrolled fusion of fat droplets.
We then performed electron microscopy on preconditioned daf-2 and daf-2;DDtps dauers rehydrated after desiccation at 60% RH (Supplemental Experimental Procedures). daf-2 dauers displayed intact cells ( Figure 3A) , cell membranes (Figure 3C) , and organelles, such as mitochondria ( Figure 3E ). In contrast, daf-2;DDtps worms exhibited various structural defects and the tissue organization was severely disrupted. The morphology and outline of many cells were not recognizable ( Figure 3B ). Instead, sparse cytoplasm with remnants of subcellular structures could be observed. Cell membranes were mostly discontinuous, and occasionally fragments of broken membranes were visible, although robust proteinaceous structures such as complex junctions were preserved ( Figure 3D ). In some muscle cells, broken mitochondria could be observed. Clearly, in the absence of trehalose, membrane integrity at the cellular and subcellular levels cannot be preserved during desiccation.
Desiccation at 0% RH, even in the presence of trehalose (in daf-2 dauers), had a similar effect on membrane organization ( Figure S3 ). Moreover, small fat droplets in intestinal cells were replaced by much bigger fat droplets ( Figures S3A and S3B ) and endoplasmic reticuli in many cells were replaced by several vesicle-like structures ( Figures S3E and S3F ).
Trehalose Preserves Native Membrane Lipid Packing during Desiccation
How does trehalose keep cell membranes and intracellular membranous structures intact at a molecular level? We approached this question by Fourier-transform infrared (FTIR) spectroscopy. Worms were preconditioned, desiccated at 45% RH, and subsequently rehydrated at 97% RH. Total absorption spectra were measured continuously and difference spectra were calculated (Supplemental Exprerimental Procedures). We focused on the frequency range between 2800 and 3000 cm 21 , where the CH stretching vibrations of acyl chain methylenes absorb. Frequencies in this range are well-established indicators of lipid packing changes [27, 28] .
Desiccation as well as rehydration led to changes in the spectra (Figure 4) . The main absorptions of the preconditioned states of both strains (2849 and 2916 cm 21 ; Figures 4A and 4B ) gradually decreased upon drying ( Figures 4C and 4D) . Dehydration responses of daf-2 and daf-2;DDtps total lipid extracts exhibited band shifts centered at these exact frequencies ( Figures 4E and 4F) , which indicates that these changes could be assigned to lipids. Interestingly, two additional absorptions (2858 and 2928 cm 21 ), which could also be assigned to lipids, increased only in daf-2;DDtps during desiccation ( Figure 4D , arrows). In daf-2 worms, rehydration produced an almost perfect mirror image of all the spectral changes observed upon drying, revealing an essentially reversible process (Figure 4G) . The two additional changes in daf-2;DDtps spectra mentioned above, however, were not restored during rehydration ( Figure 4H ). This result shows that desiccation in the absence of trehalose leads to irreversible changes in membrane lipid organization.
How can these irreversible changes occurring only in the absence of trehalose be interpreted in the context of membrane structure? One of these changes is the broadening of the antisymmetric CH 2 bands (giving rise to the side lobes at 2906 and 2928 cm 21 ), which is indicative of lipid chain packing heterogeneity (i.e., lipids in different regions of the membrane are packed differently). The other change exhibits itself as an additional upshift of the symmetric CH 2 stretching frequency (2848 to 2858 cm 21 difference band). This is probably due to reduced lipid packing density (i.e., acyl chains of membrane lipids gain free volume). It is highly probable that such distortions in the lipid order cause mixing of lipids and fusing of membranes upon rehydration. Therefore, we conclude that a major effect of trehalose on membranes during desiccation is to preserve the native packing of lipids.
Summarizing, we showed that C. elegans is a true anhydrobiote. By exploiting genetically manipulated worm strains, we demonstrated that trehalose is essential for desiccation tolerance. This also allowed dissecting molecular mechanisms of the trehalose action: preservation of lipid acyl chain packing. In the future, additional methods such as nuclear magnetic resonance and Raman spectroscopy may help to elucidate the physics of anhydrobiosis, while further investigation of the genes involved in anhydrobiosis will shed light on the molecular principles of the process.
Experimental Procedures
Worm Strains and Cultures C. elegans wild-type (N2), daf-2(e1370), daf-7(e1372), tps-1(ok373), and tps-2(ok526) strains were obtained from Caenorhabditis Genetics Center. tps-2(ok526);daf-2(e1370);tps-1(ok373) (daf-2;DDtps) and tps-2 (ok526);tps-1(ok373) (DDtps) were crossed by us [14] . All strains were maintained at 15 C on agar plates. Dauers were generated either by temperature shift or by lophenol treatment in S medium at 25 C [29] . E. coli strain NA22 was used as the food source for all cultures.
Defined Relative Humidity Environment Defined RH was obtained in sealed humidity chambers with different concentrations of NaOH solutions at 24 C 6 0.5 C or silica gel (for 0% RH). Each chamber was equipped with a thermo-hygrometer mounted to the inside of its lid for continuous monitoring of temperature and humidity (Supplemental Experimental Procedures).
Desiccation Survival Assay
Dauers were collected in distilled water and desiccated on plastic Petri dishes in a humidity chamber. Preconditioning was performed by keeping the worms at 98% RH for 4 days. Worms were desiccated at lower humidity (23%-93% RH) for 1 day except for stepwise desiccation and rehydration experiments ( Figure S1B , Supplemental Experimental Procedures). Desiccated dauers were fully rehydrated directly with distilled water before they were transferred to agar plates and incubated at 15 C overnight to let them recover. The number of survivors on each plate was scored by counting the worms that were moving or responding to touch stimulus. On average, 232 6 160 (mean 6 SD) worms were counted in survival assays. Survival rate was calculated as the percentage of survivors in the total population. 95% binomial confidence intervals (C.I.) for survival data were calculated by Wilson's method. Comparisons between survival rates after different treatments were performed by Fisher's exact test.
Water Loss Assay
Dauers were collected on membranes and their wet weight was measured (23 6 2.5 mg [mean 6 SD], n = 15). Subsequently, all worms were preconditioned and weighed after 4 days (n = 15). After that, they were transferred to lower humidity (30%-93% RH) and kept for 1 day, after which they were weighed again (n = 3 for each group, 5 groups). Finally, all worms were transferred into 0% RH chamber, kept for 1 day, and weighed once more (n = 15). Dry weight was measured after all membranes were dried in an oven at 90 C for 1 hr (n = 15). Dry weight was subtracted from every measured weight to estimate the amount of water at that stage. This amount was normalized to the initial amount of water for every sample (Supplemental Experimental Procedures).
Light Microscopy
Dry dauers were covered immediately with immersion oil after taken out of the chamber and imaged directly. Rehydrated dauers were imaged after rehydration with Nile red in water. NaN 3 was used to immobilize them before imaging. All samples were visualized via Nomarski microscopy or fluorescent microscopy with appropriate filters for Nile red. The probability to survive after rehydration (r) is the survival rate calculated in desiccation survival assays.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures, three figures, and one movie and can be found with this article online at doi:10.1016/j.cub.2011.06.064.
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